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DSSOLHG�WR�WKH�DQDO\VLV��,Q�FDVH�RI�D�FRQVLGHUHG�SODWH�VWULS�D�QXPEHU�RI�SDUDPHWHUV�DUH�UHGXFHG�WR�IRXU�DQG�WR�
WKUHH�UHVSHFWLYHO\��7KH�FORVHG�IRUP�RI GLVSODFHPHQWV�DQG�LQWHUQDO�IRUFHV�IRU�DQ\�RUWKRWURSLF�SODWH�VWULSV�DUH�
GHWHUPLQHG�� $V� DQ� H[DPSOH� D� FRQWLQXXP� PRGHO� RI� RUWKRWURSLF� WHQVHJULW\� SODWH� VWULS� LV� FRQVLGHUHG�� 7KH�
LQIOXHQFH� RI� WKH� VHOI�VWUHVV� VWDWH� DQG� VRPH� JHRPHWULFDO� SDUDPHWHUV� RQ� GLVSODFHPHQWV� DUH� DQDO\]HG�� 7KH�
SURSRVHG�DSSURDFK�FDQ�EH�XVHG�IRU�DOO�RUWKRWURSLF�V\VWHPV�

� ,QWURGXFWLRQ

7KH� FRQFHSW� RI� WHQVHJULW\� VWUXFWXUHV� FRYHUV� WUXVVHV�
FRQVLVWLQJ� RI� LVRODWHG� FRPSUHVVHG� HOHPHQWV� �VWUXWV��
LQVLGH� D� FRQWLQXRXV� QHW� RI� WHQVLRQHG� PHPEHUV� �FDEOHV��
>�� �@�� 7KH� VSHFLILFLW\� RI� WKHVH� VWUXFWXUHV� OLHV� LQ�
LQILQLWHVLPDO� PHFKDQLVPV� EDODQFHG� ZLWK� VHOI�VWUHVV�
VWDWHV�� 7KH� VWLIIQHVV� RI� WKHVH� VWUXFWXUHV� GHSHQGV� RQ� WKH�
VHOI�VWUHVV�OHYHO��7HQVHJULW\�DV�D�VWUXFWXUDO�V\VWHP�RIIHUV�
PDQ\�DGYDQWDJHV�RYHU�FRQYHQWLRQDO�VWUXFWXUDO�V\VWHPV�

7KH�WHQVHJULW\�FRQFHSW�KDV�IRXQG�DSSOLFDWLRQV�ZLWKLQ�
FLYLO� HQJLQHHULQJ� LQFOXGLQJ� EULGJHV� >�� �@� GRPHV� >�� �@
DQG� VKHOOV� >�@�� 7KH� RQH� RI� WKH� ZLGHO\� LQYHVWLJDWHG�
DSSOLFDWLRQV� RI� WHQVHJULW\� VWUXFWXUHV� DUH� GRXEOH�OD\HU�
WHQVHJULW\� JULGV� >����@��7KHVH� V\VWHPV� FRQVLVW�ZLWK WZR�
SDUDOOHO� KRUL]RQWDO� QHWZRUNV� RI PHPEHUV� LQ� WHQVLRQ�
IRUPLQJ� WKH� WRS� DQG� ERWWRP� OD\HUV�� 7KH� JULG� QRGHV� DUH�
OLQNHG E\� YHUWLFDO� DQG� LQFOLQHG� EUDFLQJ� PHPEHUV� LQ�
FRPSUHVVLRQ� DQG� WHQVLRQ� 7KHVH� V\VWHPV� FDQ� EH� WUHDWHG�
DV� SODWH� VWUXFWXUHV�� 7HQVHJULW\� SODWH� VWUXFWXUHV� FDQ� DOVR�
EH�EXLOW�ZLWK WHQVHJULW\�PRGXOHV��VXFK�DV�D�VLPSOH[�RU DQ�
H[SDQGHG�RFWDKHGURQ >�����@�

7KH� VWUXFWXUDO� EHKDYLRXU� RI� WHQVHJULW\� SODWH�OLNH�
VWUXFWXUHV� FDQ� EH� H[SODLQHG� XVLQJ� D� FRQWLQXXP� WKUHH�
GLPHQVLRQDO� PRGHO >�����@�� 7KLV� DSSURDFK� DOORZV
DQDO\]LQJ WKH� LQIOXHQFH� RI� VHOI�VWUHVV� VWDWHV RQ� WKH�
GLVSODFHPHQWV�� VWUDLQV� DQG� LQWHUQDO� IRUFHV� LQ� WKH�
VWUXFWXUHV��

,Q� WKH� SDSHU�� WKH� FRQWLQXXP� PRGHO� RI� RUWKRWURSLF�
SODWH� VWULSV� LV� FRQVLGHUHG�� 7KH� WZR� OLQHDU� WKHRULHV� DUH
DSSOLHG�WR�WKH�DQDO\VLV ± VL[�SDUDPHWHU VKHOO� WKHRU\ >���
��@�DQG�FODVVLFDO�ILYH�SDUDPHWHU VKHOO�WKHRU\��,Q�DQDO\]HG
V\VWHPV� WKHUH� LV� QR� FXUYDWXUH�� FRQVHTXHQWO\� D�PRGHO� LV�
VLPSOHU� WKDQ� RQH� VKRZQ� LQ� WKH�PHQWLRQHG� SDSHUV� $V� D�
UHVXOW�� WKH� WZR�GLPHQVLRQDO�PRGHO� IRU�PRGHUDWHO\� WKLFN�
SODWH� VWULSV� LV�REWDLQHG� IRU�ERWK�PHPEUDQH�DQG�EHQGLQJ�

GHIRUPDWLRQV�� 7KH� PRGHO� FRQVLGHUV� WKH� GLIIHUHQW�
UHIHUHQFH� SODQHV� �ORZHU�� PLGGOH� DQG� XSSHU� WKXV� LQ� WKH�
DQDO\VLV�WKH�GLIIHUHQW�SODQHV�RI�VXSSRUW�PD\�EH�WDNHQ�LQWR�
DFFRXQW� 7KH�SURSRVHG�DSSURDFK�HQDEOHV�D�GLUHFW�XVH�RI�
HQJLQHHULQJ� FRQVWDQWV� IRU� WKH� FODVVLFDO� RUWKRWURSLF�
FRQWLQXXP�

7KH�PRGHO�SURSRVHG�LQ�WKLV�SDSHU�FDQ�EH�XVHG�IRU�DOO�
RUWKRWURSLF� V\VWHPV�� IRU� H[DPSOH� IRU� RUWKRWURSLF� SODWHV
FRPSRVHG�RI�WHQVHJULW\�PRGXOHV��$�VWUXFWXUDO�EHKDYLRXU�
RI� WHQVHJULW\� VWUXFWXUHV� FDQ� EH� FRQVLGHUHG� LQ� D� VLPSOH�
ZD\� 7KH� LQIOXHQFH� RI� WKH� VHOI�VWUHVV� VWDWH� DQG� VRPH�
JHRPHWULFDO� SDUDPHWHUV� RQ� GLVSODFHPHQWV FDQ� EH�
DQDO\]HG�

� 0DWHULDO�DQG�PHWKRGV

$Q�RUWKRWURSLF�PRGHUDWHO\� WKLFN�SODWH�ZLWK�ZLGWK D DQG�
FRQVWDQW� WKLFNQHVV�K LQ� WKH�&DUWHVLDQ� FRRUGLQDWH� V\VWHP�
�[���[���]��LV�FRQVLGHUHG��,W�LV�DVVXPHG�WKDW�WKH�SODWH�LV�RI�
DQ� LQILQLWH� H[WHQG� LQ� WKH� [� GLUHFWLRQ� �)LJ� ��� 7KH�SODWH�
ERG\� LV� UHSUHVHQWHG� E\� UHIHUHQFH� VXUIDFH :��7KUHH
UHIHUHQFH�VXUIDFHV��WKH�ORZHU�:�/��WKH�PLGGOH�:�0 DQG�WKH�
XSSHU�:�8 DUH�WDNHQ�LQWR�DFFRXQW�
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)LJ���� 3ODWH�VWULS�JHRPHWU\�DQG�FRRUGLQDWH�V\VWHP�

,W�LV�DVVXPHG�WKDW�WUDQVODWLRQV�DQG�URWDWLRQV�DUH�VPDOO��
L�H���WKH�OLQHDU�WKHRU\�FDQ�EH�XVHG��,Q�DSSURDFK��WKH�OLQHDU�
VL[�SDUDPHWHU DQG�FODVVLFDO�ILYH�SDUDPHWHU�VKHOO�WKHRU\�LV�
DSSOLHG� WR� WKH� DQDO\VLV�� ,Q� SODWH� WKHUH� LV� QR� FXUYDWXUH��

FRQVHTXHQWO\� WKH� FXUYDWXUH�RI� WHQVRUV� DEE DQG� �ODE IRU�

�����  OED DUH�HTXDO�WR�]HUR�

,Q� WKH� ILUVW� DSSURDFK D� NLQHPDWLF�PRGHO� LV� IRUPDOO\�
HTXLYDOHQW� WR� WKH� &RVVHUDW� FRQWLQXXP� >�����@� ZLWK� VL[�
LQGHSHQGHQW� QRQ�YDQLVKLQJ GHJUHHV� RI� IUHHGRP�� WKUHH�
WUDQVODWLRQV��X���X���Z��DQG�WKUHH�URWDWLRQV��I���I ���\���,Q�
WKH� VHFRQG� ± D� GULOOLQJ� GHJUHH� RI� IUHHGRP�\ �URWDWLRQ�
DERXW�WKH�QRUPDO�WR�WKH�VXUIDFH��LV�RPLWWHG��%RWK�WKHRULHV�
WDNH�LQWR�DFFRXQW�WKH�FRXSOLQJ�RI�WKH�PHPEUDQH�VWDWH�DQG�
WKH� EHQGLQJ� VWDWH�� ,Q� FDVH� RI� D� FRQVLGHUHG� SODWH� VWULS� D�
QXPEHU� RI� SDUDPHWHUV� DUH� UHGXFHG� WR� IRXU� DQG� WR� WKUHH�
UHVSHFWLYHO\�

����/LQHDU�IRXU�SDUDPHWHU�VKHOO�WKHRU\�

,PSOHPHQWDWLRQ WKH� VL[�SDUDPHWHU� VKHOO� WKHRU\� WR� WKH�
DQDO\VLV� RI� SODWH� VWULS OHDGV� WR� IRXU� LQGHSHQGHQW�
SDUDPHWHUV�GHVFULELQJ�WKH GLVSODFHPHQW�ILHOG�
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7KH�VWUDLQ ILHOG� WKH�LQWHUQDO�IRUFHV�DQG�WKH�H[WHUQDO�ORDGV
DUH DV�IROORZLQJ�
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V���V� DQG�H���H���&RQVHTXHQWO\�WKH�FRQVWLWXWLYH�HTXDWLRQV��
LQ�9RLJKW�QRWDWLRQ��IRU�WKH�OLQHDU�WKHRU\�RI�HODVWLFLW\ DUH�
H[SUHVVHG�DV�
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&RHIILFLHQWV G�� DQG�G�� DUH�WKH�FRPSRQHQWV�RI�WKH�HODVWLF�
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ZKHUH LD LV WKH VKHDU�FRUUHFWLRQ�IDFWRU�
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7KH�ILUVW�WZR�HTXDWLRQV�LQ�����GHVFULEH�WKH�PHPEUDQH�
VWDWH� DQG� WKH� ODVW� WZR� ± WKH� EHQGLQJ� VWDWH�� ,Q� JHQHUDO��
WKHVH� VWDWHV� DUH� FRXSOHG�� 6ROYLQJ� WKH� VHW� RI� GLIIHUHQWLDO�
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HTXDWLRQV� ���� LW� LV� SRVVLEOH� WR� REWDLQ� WKH� H[SOLFLW�
IXQFWLRQV�RI�GLVSODFHPHQW�

� �

� � > @

� �

� �

� � �
�

�
�

�
�

�
���

�
��

�
�

�

��
�

�
�

�

���
�

�
�

�

�
��

�
�

����

�
����

�

��

�
�

�
�

�
�

�

�
�

�
�

�
���

��

�

�
�

�
��

�

�

��

�

[[[[[

[[[

[[[I

[[[\

[[[[[

I
(D

&&&&Z

I
%$

$
P

%

PD'I
(D

I'%
%

D
&

D%

%

&
(%D

&&&
D

P'I'
D

&&

I
(D

I
$

D
&

D$

$
&&X

���� 

��

������

�»
¼

º
«
¬

ª
���� 

��� 

���� 

����

DQG�LQWHUQDO�IRUFHV�

� �

� �

� �

� �

� � � �

� �

� � �
�

�
�

��

��
�����

�
�

�
��

�
�

��

���

���
�

��
�����

�

�
�

�

�
�

�
�

���
�

��

��
�

�
��

�
���

������
�

�

��
�

��
�

��

��

�
�

��

�

�

�

P
%

%
I

%$

%$
P'%'%D

&
D'

&
(%D

%
0

P'$

I'%
%

$
I($($

D
I

$

D$

&
D

$
&

(D
&

D

$
0

PI
$

$
DI&

(D
1

P'$I'%
%

$

DI&
D

$
&

D

$
1

����

��� 

�

�����

���� 

���� 

���

���� 

[

[

[[

[[

[[

[[

����

ZKHUH�

�����IRU� �
���

�
���

 
�

 
�

 L
$$$

$
(

%%%

%
' L

L
L

L

7KH�UHVXOWV�IRU�D�SODWH�VWULS�FDQ�EH�XVHG�LQ�DQDO\VLV�RI�
GLIIHUHQW� W\SHV� RI� RUWKRWURSLF� V\VWHPV�� VXFK� DV� EHDPV��
SODWH�VWULSV��SODWHV�RU�RI�PRUH�FRPSOLFDWHG��PXOWL�PRGXOH�
SODWH� VWUXFWXUHV�� 7KH� GLVSODFHPHQW� DQG� LQWHUQDO� IRUFH�
IXQFWLRQV�� RI� WKHVH� V\VWHPV�� GHSHQG� RQ� FRPSRQHQWV� RI�
WKH�HODVWLF�PDWUL[��

����/LQHDU�WKUHH�SDUDPHWHU�VKHOO�WKHRU\

,Q� WKH� FODVVLFDO� ILYH�SDUDPHWHU� VKHOO� WKHRU\� D� GULOOLQJ�
GHJUHH� RI� IUHHGRP� \ LV� QRW� WDNH� LQWR� DFFRXQW��
&RQVHTXHQWO\�D�GULOOLQJ�FRXSOH�0�� DQG�DQ�H[WHUQDO�ORDG�
P� DUH� RPLWWHG�� 8VLQJ� WKLV WKHRU\� WKH� EHKDYLRU� RI� WKH�
SODWH� VWULS� LV� GHVFULEHG� E\� WKUHH SDUDPHWHUV� EHLQJ� WKH�
VXEVHW�RI�RULJLQDO�RQHV�
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DQG� WKH VWUDLQ� ILHOG�� WKH� LQWHUQDO� IRUFHV� DQG� WKH� H[WHUQDO�
ORDGV ����DUH�JLYHQ�DV�IROORZV�
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����2UWKRWURSLF�WHQVHJULW\ SODWH�VWULS�

7R� LOOXVWUDWH� WKH� SURSRVHG� DSSURDFK�� D� FRQWLQXXP�
RUWKRWURSLF� PRGHO� RI� WKH� WHQVHJULW\� SODWH�OLNH� VWUXFWXUH
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>�����@�� ZKLFK� FRXOG� EH� VXSSRUWHG� ERWK� RQ� LQWHUQDO� RU�
H[WHUQDO� VXUIDFHV�� LV� XVHG�� $� V\VWHP� RI� UHSHDWLQJ�
H[SDQGHG� IRXU�VWUXW� RFWDKHGURQ� PRGXOHV� LV� XVHG� DV� DQ�
H[DPSOH� �)LJ� ��� 7KH� V\VWHP� LV� RUWKRWURSLF� IRU� WKH�
IROORZLQJ�JHRPHWULF�SDUDPHWHUV� ����� ;[ ��� <\

DQG� ����� =] )RU�WHQVHJULW\�V\VWHPV��WKH�FRPSRQHQWV�

RI�WKH�HODVWLF�PDWUL[�GHSHQG�RQ�FDEOHV��($FDEOH��DQG�VWUXWV�
VWLIIQHVV �($VWUXWV� DQG�RQ�WKH�OHYHO�RI�VHOI�VWUHVV V�

� �
� � � �VWUXFWVWUXFW

FDEOH

($

6

($

($
Q   V� ����

ZKHUH�( LV�WKH�<RXQJ¶V PRGXOXV��$ LV�WKH FURVV�VHFWLRQV�
DQG�6 LV� WKH�D[LDO� IRUFH��7KH�FRHIILFLHQW Q GHVFULEHV WKH�
SURSRUWLRQV� RI� PHPEHU� SURSHUWLHV� DQG� V GHVFULEHV� WKH�
OHYHO�RI�VHOI�VWUHVV�LQ�WHQVHJULW\�VWUXFWXUHV��7KH�VHOI�VWUHVV�
VWDWH� LV� WKH� PRVW� LPSRUWDQW� IHDWXUH� RI� WHQVHJULW\�
VWUXFWXUHV�� 7KLV� VWDWH� PDNHV� VWUXFWXUH� DV� VWURQJ� DV� WKH�
VHOI�VXSSRUWLQJ� VWUXFWXUH� DQG� VWDELOL]HV� WKH� LQILQLWHVLPDO�
PHFKDQLVPV�RFFXUUHG�LQ�WHQVHJULW\�VWUXFWXUHV��

)LJ���� ([SDQGHG�IRXU�VWUXW�RFWDKHGURQ�

7KH� DSSURSULDWH� FRHIILFLHQWV� RI� WKH� HODVWLF� PDWUL[� IRU�
SODWH� VWULS� FRQVLVWLQJ� RI� RFWDKHGURQ� PRGXOHV DUH� DV�
IROORZV >��@�
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� 5HVXOW�DQG�GLVFXVVLRQ

7KH� SODWH� VWULSV� ZLWK� GLIIHUHQW� NLQGV� RI� ERXQGDU\�
FRQGLWLRQV DQG�GLIIHUHQW�SODQHV�RI�VXSSRUW�DUH�GLVFXVVHG��
7KH�UHVXOWV�RI�WKH�DQDO\VLV�DUH�GHVFULEHG�XVLQJ�/ IRU�WKH�
ORZHU� VXUIDFH��0 IRU� WKH� PLGGOH� VXUIDFH� DQG�8 IRU� WKH�

XSSHU�VXUIDFH��7KH�FORVHG�IRUP�RI�WKH�GLVSODFHPHQWV�DQG�
WKH� LQWHUQDO� IRUFHV� IRU� DQ\� RUWKRWURSLF� SODWH� VWULS� DUH�
GHWHUPLQHG�

)LUVW�� WKH� SODWH� VWULSV� ORDGHG� E\� FRQFHQWUDWHG� IRUFHV�
�D[LDO� DQG� YHUWLFDO��� FRQFHQWUDWHG� PRPHQWV� DQG� PDVV
IRUFHV� DUH� FRQVLGHUHG�� 6HFRQGO\�� WKH� SODWH� VWULS� XQGHU�
VLQXVRLGDO�ORDG LV VWXGLHG��

%DVHG� RQ WKH� GHYHORSHG� IRUPXODV� WKH� PD[LPDO�
GLVSODFHPHQWV� IRU� WHQVHJULW\� SODWH� VWULSV� DUH� FDOFXODWHG��
7KH� LQIOXHQFH� RI� WKH� VHOI�VWUHVV� VWDWH�� VRPH� JHRPHWULFDO�
SDUDPHWHUV�DQG�SODQHV�RI�VXSSRUW�LV DQDO\]HG��

7KH� SURSRVHG� DSSURDFK� HQDEOHV� D� GLUHFW� XVH� RI�
HQJLQHHULQJ� FRQVWDQWV� IRU� WKH� FODVVLFDO� RUWKRWURSLF�
FRQWLQXXP�

���� &ORVHG� IRUP� RI� GLVSODFHPHQWV DQG� LQWHUQDO�
IRUFHV

7KH� FORVHG� IRUP� RI� WKH� GLVSODFHPHQWV� DQG� WKH� LQWHUQDO�
IRUFHV� IRU�SODWH�VWULSV�DUH�GHWHUPLQHG��7ZR�PHWKRGV�DUH�
DSSOLHG��7KH�ILUVW�DSSURDFK�EDVHG�RQ�HTXDWLRQV������ DQG�
�����VHFRQG�DSSURDFK�± RQ����� DQG ������7KHVH�IRUPXODV�
GHSHQG�RQ�ERXQGDU\�FRQGLWLRQV��7KUHH�NLQGV�RI�VXSSRUW��
L�H��� FDQWLOHYHU �)LJ� �D��� FODPSHG�FODPSHG� �)LJ� �E�� DQG�
VLPSO\�VXSSRUWHG��)LJV� �F� �G� DUH�FRQVLGHUHG�

)RU WKH� FDQWLOHYHU�SODWH� VWULS� WKUHH� FDVHV�RI� ORDG� DUH
WDNHQ�LQWR�DFFRXQW��FDVH�F� ± ORDG�E\�D[LDO�IRUFH�)���FDVH�
F� ± ORDG�E\�YHUWLFDO IRUFH )� DQG�FDVH�F� ± ORDG�E\�PDVV�
IRUFH� � � �� TI � [ �� )RU� WKH� FODPSHG�FODPSHG� SODWH� VWULS�

RQO\� ORDG� E\� IRUFH� PDVV� � � �� TI � [ �FDVH FF��� LV�

VWXGLHG��)RU� WKH�VLPSO\�VXSSRUWHG�SODWH�VWULS WKUHH�FDVHV�
RI�ORDG�DUH�WDNHQ�LQWR�DFFRXQW��FDVH�V� ± ORDG�E\�EHQGLQJ�
PRPHQW�0��FDVH�V� ± ORDG�E\�PDVV�IRUFH� � � �� TI � [ DQG�

FDVH�V� ± VLQXVRLGDO�ORDG� � � � �S[[ VLQ�� TI � � )RU�WKH�ODVW�

RQH FDVH� WKH� HTXDWLRQV� ���� DQG� ����� DUH� VROYLQJ� E\�
DSSO\LQJ� WULJRQRPHWULF� IXQFWLRQV� WKDW� VDWLVI\LQJ WKH�
ERXQGDU\�FRQGLWLRQV�IRU�VLPSO\�VXSSRUWHG�SODWH�

)LJ�� �� $QDO\VHG� SODWH� VWULSV�� D�� FDQWLOHYHU�� E�� FODPSHG�
FODPSHG��F���G��VLPSO\�VXSSRUWHG�

������/LQHDU�IRXU�SDUDPHWHU�VKHOO�WKHRU\

8VLQJ� WKH� IRXU�SDUDPHWHU� VKHOO� WKHRU\� WKH� IRUPXODV� RI�
LQWHUQDO� IRUFHV� DUH� UHFHLYHG�� )RU DOO� SODWH� VWULSV WKH�
LQWHUQDO�IRUFHV�GR�QRW�GHSHQG�RQ�JHRPHWULF�DQG�SK\VLFDO�
SURSHUWLHV�RI�RUWKRJRQDO� VWUXFWXUHV��7KHVH� IRUFHV�DOPRVW�
DOZD\V� GR� QRW� GHSHQG� RQ� WKH� UHIHUHQFH� VXUIDFH� DQG�
REWDLQHG� IRUPXODV� DUH� NQRZQ� IURP� OLWHUDWXUH�� 2QO\� IRU�
VLPSO\�VXSSRUWHG�SODWH�VWULS��LQGHSHQGHQWO\�IURP�FDVH RI�
ORDG�� WKH� FRQVWDQW� D[LDO� IRUFH�� ZKLFK� GHSHQG� RQ� WKH�
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UHIHUHQFH� VXUIDFH DQG� RQ� WKH� SODWH WKLFNQHVV� K� RFFXUV�
DGGLWLRQDOO\��)RU�H[DPSOH� IRU�FDVH�V��LV�UHFHLYHG�
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)RU� SODWHV LQ� ZKLFK� WKH� WUDQVYHUVH� IRUFH� LV� QRW�
RFFXUUHG� �FDVHV� F�� DQG� V��� WKH� GLVSODFHPHQWV GR� QRW�
GHSHQG� RQ� WKH� VKHDU� IDFWRUV� DL�� )RU� WKHVH� SODWHV� WKH�
GLVSODFHPHQW� GHSHQG� RQO\� RQ� RQH� FRPSRQHQW� RI WKH�
HODVWLF�PDWUL[�G���

)RU RWKHUV�SODWHV WKH�GLVSODFHPHQWV�GHSHQG�RQ� WKUHH�
VKHDU� FRUUHFWLRQ� IDFWRUV� DL �L ������� DQG� RQ� WKH�
SDUDPHWHU��

�
���� �� DDDD � ����

+RZHYHU� LI� WKH�PLGGOH� UHIHUHQFHV� VXUIDFH� LV� FRQVLGHUHG�
RQO\� RQH� VKHDU� IDFWRU� D� RFFXUV� 7KH� LQIOXHQFH� VKHDU�
IDFWRUV� GHSHQGV RQ� WKH� FRPSRQHQW� RI� WKH� HODVWLF�PDWUL[�
G�� DQG� RQ� SURSRUWLRQ� WKLFNQHVV� WR� OHQJWK �K�D�� ± WKH�
WKLFNHU�SODWH�WKH�ELJJHU�LQIOXHQFH�

7KH� YDOXHV� RI� WKH� VKHDU� FRUUHFWLRQ� IDFWRUV� DUH�
HVWDEOLVKHG� IRU� WKH� UHVSHFWLYH� WUDQVYHUVH� VKHDU� VWUHVV�
UHVXOWDQWV�DQG�VWUHVV�FRXSOHV�>�����@��7KH�GHWHUPLQDWLRQ�
RI�WKHVH�IDFWRUV�LV�QRW�WKH�DLP�RI�WKLV�SDSHU��7R�LOOXVWUDWH�
LQIOXHQFH� RI� WKH� UHIHUHQFH� SODQH� RQ� EHKDYLRXU� RI�
WHQVHJULW\� VWUXFWXUHV� LW� LV� DVVXPHG� WKH� IROORZLQJ� YDOXHV�
RI� WKH� VKHDU� IDFWRUV�� ����  D �� �����  D >�����@� DQG�

�����  D ��9DOXH�RI�WKH�ODVW�FRUUHFWLRQ�IDFWRU�LV�DVVXPHG�

VR�WKDW�WKH�SDUDPHWHU������LV�SRVLWLYH�GHILQLWH�

������/LQHDU�WKUHH�SDUDPHWHU�VKHOO�WKHRU\

8VLQJ� WKH� WKUHH�SDUDPHWHU� VKHOO� WKHRU\�� IRU� SODWHV� LQ�
ZKLFK�WKH�WUDQVYHUVH�IRUFH�LV�RFFXUUHG��WKH�GLVSODFHPHQWV�
GHSHQG�RQ�WKH�VKHDU�IDFWRUV�D���7KH�IDFWRUV�DL �L ������ LV�
QRW�RFFXUUHG�LQ�WKLV�DSSURDFK� ,Q�DOO�FDVHV�WKH�KRUL]RQWDO�
GLVSODFHPHQW�X� GHSHQGV RQ�WKH�UHIHUHQFH�VXUIDFH��)RU�DOO
FDQWLOHYHU DQG FODPSHG�FODPSHG�SODWH� VWULSV� DQG IRU WKH�
VLPSO\� VXSSRUWHG SODWH� VWULS� XQGHU� VLQXVRLGDO� ORDG� WKH�
URWDWLRQ� I� DQG� WKH� GHIOHFWLRQ�Z GR� QRW� GHSHQG RQ� WKH�
UHIHUHQFH� VXUIDFH�� 7KH� IRUPXODV� RI� PD[LPXP�
GLVSODFHPHQW�IRU WKHVH�FDVHV DUH�HTXDO��

08/ ZZZ PD[PD[PD[   ����

DQG� WKHUH� DUH� WKH� VDPH� OLNH� LQ� HTXDWLRQV�� ������� �������
����� DQG� ����� UHVSHFWLYHO\��2QO\� WKH� SDUDPHWHU� ��G LV�

HTXDO ��
aG DFFRUGLQJ� WR� ����� ,Q� WZR� FDVHV� RI� WKH VLPSO\�

VXSSRUWHG� SODWH� VWULS �V�� DQG� V��� WKH� GLVSODFHPHQWV�
GHSHQG�RQ�WKH�UHIHUHQFH�VXUIDFH�
� FDVH�V���)LJ���F�± T� ���
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��� $QDO\VLV�RI RUWKRWURSLF�WHQVHJULW\�SODWH�VWULS

%DVHG� RQ� WKH� GHYHORSHG� IRUPXODV� WKH� PD[LPDO�
GLVSODFHPHQWV� IRU� WHQVHJULW\� SODWH� VWULSV� DUH� FDOFXODWHG��
7KH�GLVSODFHPHQWV�DV�D�IXQFWLRQ�RI�SDUDPHWHUV������DQG��
LQ� FRQVHTXHQFH�� WKH� FRHIILFLHQWV� ������ DUH� GHWHUPLQHG�
7KH�LQIOXHQFH�RI�WKH�VHOI�VWUHVV OHYHO V DQG�WKH�VWLIIQHVV�
RI� FDEOHV� DQG� VWUXWV� Q RQ� GLVSODFHPHQWV LQ� WHQVHJULW\�
SODWH�VWULS�FDQ�EH�HVWLPDWHG�LQ�D�VLPSOH�ZD\�

7KH� UHVXOWV� RI� SDUDPHWULF DQDO\VLV DUH� VKRZQ LQ�
)LJXUHV ���� 7KH�GHSHQGHQFH�RI�PD[LPXP�GLVSODFHPHQW�
RQ� WKH� VHOI�VWUHVV� OHYHO�V LV� SUHVHQWHG�� 7ZR� FDVHV� RI�
WKLFNQHVV�WR�OHQJWK�UDWLR�IRU�PRGHUDWHO\�WKLFN�SODWH�VWULSV��
K�D ���� �)LJ� �D��D�� DQG� K�D ����� �)LJ� �E��E�� DUH�
FRQVLGHUHG�� 7ZR� FDVHV RI� SDUDPHWHU� Q ����� DUH� WDNLQJ�
LQWR� DFFRXQW�� Q ���� �FRQWLQXRXV OLQH� ²�� DQG� Q ���
�GRWWHG OLQH� ������ 5HVXOWV� IRU� PLGGOH� VXUIDFH� DUH�
GHWHUPLQHG� E\� �Ɣ�� DQG� IRU� XSSHU� �RU� ORZHU�� VXUIDFH� E\�
�Ÿ��� 'HSHQGLQJ� RQ� WKH� DQDO\]HG FDVH� WKH� UHVXOWV� DUH�
SUHVHQWHG�LQ�QRUPDOL]HG�IRUP�
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)LJ�� �� 0D[LPXP� GLVSODFHPHQW� IRU� FDVH� F��� D�� K�D �����
E� K�D �����

D�

E�

)LJ�� �� 0D[LPXP� GLVSODFHPHQW� IRU� FDVH� F��� D�� K�D �����
E� K�D �����

D�

E�

)LJ�� �� 0D[LPXP� GLVSODFHPHQW� IRU� FDVH� FF��� D�� K�D �����
E� K�D �����

&RPSDULQJ�REWDLQHG�UHVXOWV�RI� WKH� DQDO\VLV LW�FDQ�EH�
QRWLFHG�
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� WKH� LQIOXHQFH� RI� VHOI�VWUHVV� OHYHO� RQ� GLVSODFHPHQWV��
GHFUHDVHV�ZLWK�LQFUHDVLQJ�WKH�VWLIIQHVV�RI�FDEOHV��WKH�
SDUDPHWHU�Q�LQFUHDVHV��

� WKH� LQIOXHQFH� RI� VHOI�VWUHVV� OHYHO� LV� ELJJHU� ZKHQ� WKH��
XSSHU��RU�ORZHU��VXUIDFH�LV�FRQVLGHUHG�

� WKH�WKLFNQHVV�WR�OHQJWK�UDWLR�VLJQLILFDQWO\�LQIOXHQFH�RQ�
GLVSODFHPHQWV�

D�

E�

)LJ�� �� 0D[LPXP� GLVSODFHPHQW� IRU� FDVH� V��� D�� K�D �����
E� K�D �����

D�

E�

)LJ�� �� 0D[LPXP� GLVSODFHPHQW� IRU� FDVH� V��� D�� K�D �����
E� K�D �����

��&RQFOXVLRQ

,Q� WKH� SDSHU�� WKH� FRQWLQXXP� PRGHO� RI� RUWKRWURSLF�
SODWH� VWULSV� DUH� FRQVLGHUHG�� 7KH� OLQHDU� IRXU�SDUDPHWHU�
VKHOO� WKHRU\ DQG� FODVVLFDO� WKUHH�SDUDPHWHU� VKHOO� WKHRU\�
DUH� SURSRVHG� WR� GHWHUPLQH� WKH� GLVSODFHPHQWV� DQG� WKH�
LQWHUQDO�IRUFHV��7KH�REWDLQLQJ�FORVHG�IRUP�FDQ�EH�XVHIXO�
LQ�WKH�GHVLJQ�SURFHVV�DQG�FRQVWUXFWLRQ�RI�GLIIHUHQW�W\SHV�
RI�RUWKRWURSLF PRGHUDWHO\�WKLFN SODWH�VWULSV��7KH�GLIIHUHQW�
SODQHV� RI� VXSSRUW� �ORZHU�� PLGGOH� DQG� XSSHU� PD\� EH�
WDNHQ� LQWR� DFFRXQW�� 7KH� SURSRVHG� DSSURDFK� HQDEOHV� D�
GLUHFW� XVH� RI� HQJLQHHULQJ� FRQVWDQWV� IRU� WKH� FODVVLFDO�
RUWKRWURSLF�FRQWLQXXP�

7KH�SURSRVHG�PRGHO�FDQ�EH�XVHG� IRU�DQDO\VLV�RI� WKH�
RUWKRWURSLF� SODWH� VWULS� FRPSRVHG� RI� WHQVHJULW\�PRGXOHV��
8VLQJ�WKH�FRQWLQXXP�PRGHO�KHOSV�XQGHUVWDQG WKH�XQLTXH�
SURSHUWLHV� DQG� VWUXFWXUDO� EHKDYLRXU� RI� WHQVHJULW\�
VWUXFWXUHV�� ,Q� WKH� DQDO\VLV�� WKH� VHOI�VWUHVV� DQG� VHOHFWHG�
JHRPHWULFDO� SDUDPHWHUV� RI� WHQVHJULW\� DUH� LQWURGXFHG��
$GGLWLRQDOO\�� WKLV� DSSURDFK� VLPSOLILHV� FDOFXODWLRQV�� WKDW�
LV�� LW� LV� QRW� QHFHVVDU\� WR� GHVFULEH� WKH� ZKROH� FRPSOH[�
WHQVHJULW\� VWUXFWXUHV� ZLWK� WKH� XVH� RI� FRPSXWDWLRQDO�
PHWKRGV�

7KH� SURSRVHG� DSSURDFK� FDQ� EH� XVHG� IRU� DOO�
RUWKRWURSLF�V\VWHPV�KDYLQJ�SUDFWLFDO�DSSOLFDWLRQV�LQ�FLYLO�
HQJLQHHULQJ�

5HIHUHQFHV

�� 5�� 0RWUR�� 7HQVHJULW\�� VWUXFWXUDO� V\VWHPV� IRU� WKH�
IXWXUH �.RJDQ�3DJH��/RQGRQ�������

�� 5�(�� 6NHOWRQ��0�&�� GH�2OLYHLUD��7HQVHJULW\� V\VWHPV
�6SULQJHU��/RQGRQ�������

�� 9��*yPH]�-iXUHJXL��7HQVHJULW\�VWUXFWXUHV�DQG� WKHLU�
DSSOLFDWLRQ� WR� DUFKLWHFWXUH �6HUYLFLR� GH�
3XEOLFDFLRQHV�GH�OD�8QLYHUVLGDG�GH�&DQWDEULD�������

�� $�� .DVSU]DN�� $� SRVVLELOLW\� RI� XVLQJ� WHQVHJULW\� LQ�
EULGJH�VWUXFWXUHV �3K�'��7KHVLV��:DUVDZ�8QLYHUVLW\�
RI�7HFKQRORJ\�������

�� '�� &DPSEHOO�� '�� &KHQ�� 3�� *RVVHQ�� .�� +DPLOWRQ��
(IIHFWV�RI� 6SDWLDO�7ULDQJXODWLRQ�RQ� WKH�%HKDYLRU�RI�
�7HQVHJULW\�� 'RPHV�� 6SDWLDO�� /DWWLFH� DQG� 7HQVLRQ�
6WUXFWXUHV��$6&(��1HZ�<RUN�������

�� 6�0�/��$GULDHQVVHQV��0�5��%DUQHV��(QJ�6WUXFW�����
��±����������

�� 9�� *RPH]�-DXUHJXL�� 5�� $ULDV�� &�� 2WHUR��
&� 0DQFKDGR��,QW�-�6SDFH�6WUXFW��������±����������

�� <��.RQR��.� .��&KRRQJ��7��6KLPDGD��+��.XQLHGD��-�
,$66�������������������������

�� :�� *LOHZVNL�� -�� .áRVRZVND�� 3�� 2EDUD�� 3URFHGLD�
(QJLQHHULQJ �������������������

��� /�� &UDZIRUGW�� 7UDQVJHQGHU� DUFKLWHFWRQLFV�� WKH�
VKDSH� RI� FKDQJH� LQ� PRGHUQLVW� VSDFH �5RXWOHGJH��
�����
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��� $��$O�6DERXQL�=DZDG]ND��:��*LOHZVNL��$GYDQFHV�LQ�
0HFKDQLFV�� 7KHRUHWLFDO�� &RPSXWDWLRQDO� DQG�
,QWHUGLVFLSOLQDU\� ,VVXHV�� �&5&� %HONHPD�� 7D\ORU� 	�
)UDQFLV�*URXS��/RQGRQ�����±����������

��� $�� $O� 6DERXQL�=DZDG]ND� DQG� :�� *LOHZVNL���
3URFHGLD�(QJLQHHULQJ ��������������������

��� $�� $O� 6DERXQL�=DZDG]ND�� :�� *LOHZVNL�� -��
.áRVRZVND�� 3�� 2EDUD�� (QJ�� 7UDQV�� ���� ��� ���±����
������

��� .�� .HELFKH�� 0�1�� .D]L� $RXDO�� 5�� 0RWUR�� �� ,QW� -�
6SDFH�6WUXFW�������������������

��� -��&KUyĞFLHOHZVNL��-��0DNRZVNL��:��3LHWUDV]NLHZLF]��
6WDWLFV� DQG� G\QDPLFV� RI� PXOWLIROG� VKHOO�� QRQOLQHDU�
WKHRU\� DQG� ILQLWH� HOHPHQW� PHWKRG �,337� 3$1��
:DUVDZ�������

��� :�� 3LHWUDV]NLHZLF]�� =$00� =�� $QJHZ�� 0DWK��
0HFK������������±����������

��� :�� :LWNRZVNL�� 6\QWKHVLV� RI� IRUPXODWLRQ� RI�
QRQOLQHDU� PHFKDQLFV� RI� VKHOOV� XQGHUJRLQJ� ILQLWH�
URWDWLRQV� LQ� WKH� FRQWH[W� RI� )(0 �3ROLWHFKQLND�
*GDĔVND��*GDĔVN��������

��� 6�� %XU]\ĔVNL�� -�� &KUyĞFLHOHZVNL�� .�� 'DV]NLHZLF]���
:�� :LWNRZVNL�� ³*HRPHWULFDOO\� QRQOLQHDU� )(0�
DQDO\VLV� RI� )*0� VKHOOV� EDVHG� RQ� QHXWUDO� SK\VLFDO�
V\UIDFH� DSSURDFK� LQ� ��SDUDPLWHU� VKHOO� WKHRU\´��
&RPSRV��3DUW�%��������������������

��� -�� &KUyĞFLHOHZVNL�� :�� 3LHWUDV]NLHZLF]�� :��
:LWNRZVNL��=$00�=��$QJHZ��0DWK��0HFK���������
��������������

��� -�� &KUyĞFLHOHZVNL�� $�� 6DELN�� %�� 6REF]\N��
:� :LWNRZVNL��7KLQ�:DOOHG�6WUXFW������������������
������

��� -�� &KUyĞFLHOHZVNL�� ,�� .UHMD�� $�� 6DELN��
:� :LWNRZVNL��0HFK��$GY��0DWHU��6WUXFW������ ����
����������

��� :�� 3LHWUDV]NLHZLF]�� 9�� (UHPH\HY�� ,QW�� -�� 6ROLGV�
6WUXFW��������������������

��� 6�� %XU]\ĔVNL�� ,QĪ�� 0RUVND� *HRWHFK�� ��� ��������
������

��� :�� 3LHWUDV]NLHZLF]�� 9�� .RQRSLĔVND�� ,QW�� -�� 6ROLGV�
6WUXFW����������������������

��� :�� 1RZDFNL�� ,UUHYHUVLEOH� $VSHFWV� RI� &RQWLQXXP�
0HFKDQLFV�DQG�7UDQVIHU�RI�3K\VLFDO�&KDUDFWHULVWLFV�
LQ�0RYLQJ�)OXLGV �,87$0�6\PSRVLD�9LHQQD�� ����
����������

��� -�� &KUyĞFLHOHZVNL�� -�� 0DNRZVNL�� +�� 6WXPSI��
&RPSXW��0HWK��$SSO��0HFK��(QJ�����������������

��� :�� 3LHWUDV]NLHZLF]�� �3ROLVK� 6FLHQWLILF� 3XEOLVKHUV��
:DUVDZ��3R]QDĔ������

��� -�� &KUyĞFLHOHZVNL�� :�� 3LHWUDV]NLHZLF]�� :��
:LWNRZVNL�� ,QW�� -�� 6ROLGV� 6WUXFW�� ���� ����������
������
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